Droughts and resulting low flows are a threat for society, economy, and ecosystems. Droughts are natural phenomena, but anthropogenic water use can increase the pressure on water resources.
INTRODUCTION
Droughts are a threat for society, economy, and ecosystems impacts (e.g., soil moisture deficits); (iii) hydrological drought: precipitation shortfalls depleting surface or subsurface waters, often combined with anomalies in other meteorological variables affecting potential evapotranspiration (e.g., temperature, humidity, wind); (iv) socioeconomic drought: imbalance between water demand and supply with economic impacts (e.g., reduced water supply and hydropower generation). Social impacts can be healthrelated, e.g., shortage of clean potable water. Sometimes numbers (iii) and (iv) are considered as hydrological drought. A better understanding and management of hydrological droughts requires understanding the propagation of water deficits through the hydrological cycle, with consideration of the impacts on natural and socioeconomic systems (Van Lanen et al. ) . In arid regions hydrological droughts are normal, while in semi-arid or temperate regions they occur occasionally.
Low flow indices or measures are statistical values used to describe the flow regime of a river. The knowledge on low flow characteristics is important for water resources management and planning, e.g., water supply systems, reservoir storage design, and reservoir operation (Fleig et al. ; WMO ; Stahl et al. ) . The minimum flows can be calculated for every year, but must not be correlated to drought (Smakhtin ) . Calculating indices for longer time periods, e.g., 10 years, is a better indicator for hydrological drought, as it is more probable that a 10-year period includes periods of meteorological drought. There are a number of indices used to describe low flows, e.g., the 7-day 10-year low flow (7Q10: lowest average flows that occur for a consecutive 7-day period at a recurrence interval of 10 years, also termed Q7(10) or Q 7,10 ), the mean annual 7-day minimum flow (MAM7: lowest average flows that occur for a consecutive 7-day period during a year, also termed AM7) and Q90 or Q95 (discharges exceeded 90% and 95% of the time) (Smakhtin ; WMO ). In many countries, low flow indices are applied in the granting of water rights, e.g., 7Q10 and Q90 in Brazil (Pereira ) and MAM7 in the UK (Smakhtin ) . Although the calculation of lowest average flows for a consecutive x-day period differs from the calculation of exceedance frequencies, strong correlations are found between these, e.g., 7Q10 is highly correlated to Q95 (Smakhtin ) .
Due to water resources management, e.g., reservoir operation, water transfers, discharges from waste water Deviations can be prominent during hydrological droughts, with reservoir discharges increasing or water withdrawals reducing river flow. Therefore, observed flows in highly managed river basins cannot easily be used to calibrate and validate models, as water resources management is affecting the homogeneity of observed flow records (Jones et al. ) , requiring flow naturalization.
System analysis is necessary before calibrating and validating a hydrological model for highly managed river basins.
According to Loucks & van Beek () , the system needs to be separated and analyzed for three interdependent subsystems: (i) the natural river subsystem in which physical, chemical and biological processes take place; (ii) the socio-economic subsystem, including human activities related to the use of the natural river subsystem; and (iii) the administrative and institutional subsystem, including legislation and regulation.
To account for human-induced changes in hydrological modeling is difficult ( If beside the natural (low) flows, also water resources management, e.g., reservoir operation, and its effects on flows are of interest, it can be inappropriate to use the LNSE as criterion. While low flows are important for reservoir operation, e.g., augmentation of flow downstream, also mean and high inflows to reservoirs are important, as in these periods the reservoirs are filled. If simulated inflows into the reservoir are inaccurate, the simulation of reservoir operation will not be reliable. The simulated reservoir volumes and/or discharges will either be too low or too high compared to observations. Also, the annual cycle (dry and wet seasons) should be simulated reliably. In the case the long-term mean discharge is simulated well but high flows are over-and low flows underestimated, the reservoir may be filled during the wet or high flow season up to the maximum capacity and water that cannot be stored is (1988-1994) and validation (1995-2000) in the first step, and water resources management is included in the second step . The latter requires simulating the natural flows with high accuracy, as non-linear effects and thresholds are effective in the water resources management simulations. In this approach, the paper differs from the study of Creech et al. () for the São Francisco river. were used for calibrating and validating the SWIM model (see Table 1 ). The procedure of naturalization is described in ONS (a), where the effects of reservoir operation and water consumption are considered and briefly described here. The naturalized discharges upstream of reservoirs or before the start of reservoir operation are calculated according to Equation (1):
where: Q nat ¼ natural discharge (m³/s); Q obs ¼ observed discharge (m³/s); and Q cons ¼ water consumption of water users (m³/s), according to Equation (3).
For location of reservoirs (dam) the naturalized discharges are calculated according to Equation (2):
where: Q nat ¼ natural discharge (m³/s); Q out,obs ¼ observed discharge from reservoir (m³/s); Q cons ¼ water consumption of water users at reservoir (m³/s), according to Equation ( In case there are return flows or water transfers not originating from the upstream region, these need to be subtracted in Equations (1) and (2). The water consumption of water users is calculated according to Equation (3):
where: Q cons ¼ water consumption of all water users (m³/s); In the calculation of irrigation water consumption the irrigated area, the potential evaporation, a crop-specific *In observed mean discharges, there can be gaps in the time series, for simulations the mean discharge is calculated from all days within a period, therefore the given Bias (calculated for days with observations only) can deviate from the difference between observed and simulated discharge. For locations of gauges, see Figure 1 .
Gray shading means naturalized discharges from ONS. 1997, a reduction that can be explained by growing water withdrawals for irrigation during this period (see also Figure S2 ). This approach was necessary in order to use the naturalized discharges at gauge Xingó in the lower part of the basin during calibration. Only after calibration and validation for gauge Xingó, water management (reservoir operation, water allocation) was included and simulated managed discharges compared to observed discharges.
RESULTS AND DISCUSSION
Observed low flow indices ONS provided daily observed discharges for selected gauges (years 1931-2014) . For these gauges, the 7Q10 was calcu- This shows that during wet, normal, and moderately dry years the existing reservoir system is able to augment low flows significantly, during strong droughts the systems reaches its limits. Due to the strong effect of reservoir operation after 1979, it is not possible to estimate effects of landuse or climate change on the 7Q10-indices.
Calibration and validation results for the natural state
The error of observed flows is usually ±5%, while the error associated with flow naturalization can surpass ±40%
(WMO ). For the Três Marias reservoir, with little water management upstream and the error introduced by flow naturalization being low, the naturalized flow as calculated by ONS is used to assess the quality of the simulations (Figure 3) . The water management impact at gauge Xingó is very strong and the uncertainties introduced by flow naturalization are rather high. Therefore, the simulated natural discharge is compared to the naturalized discharge as calculated by ONS including an uncertainty range of ±40% (Figure 4 ). For the calculation of mean discharge, NSE and PBIAS as given in Table 1 , the naturalized discharge at gauge Xingó is used. Overall, the annual cycle, high, mean, and low discharges are simulated well at both gauges. The values for the most sensitive parameters in the calibration are given in Table S1 (available online).
Annual and monthly sums of simulated runoff for the 1,627 SWIM sub-basins are shown in Figure S4 
Simulation results for the managed state
After calibration and validation to naturalized discharges, reservoirs and water withdrawals were included. The locations and quantities of water withdrawals are shown in Figure 1 and Figure S2 , respectively. The main characteristics of the largest reservoirs are given in Table S2 (available online).
Water resources management simulations usually include long-term operation of reservoirs or water abstraction schemes, while the effective operation is adapted on a short-term basis. For highly managed river basins with The results for calibration and validation are given in while the PBIAS can be rated as very good. This is due to the fact that the annual cycle is evened out (see observed discharge in Figure S1 ) and the NSE is a measure to compare observed and simulated dynamics. The low NSE performance for some gauges in the semiarid region, e.g., Rio Verde II, and Floresta (No. 12, 13 , and 14 in Figure 1 and Table 1) , is not surprising and should not be overestimated as these only account for a very small part of discharge in the main river. As discussed above for gauge Boqueirão (No. 11), for a number of gauges at tributaries with no naturalized flows available, the parameterization was done deliberately overestimating the Figure 5 ). Furthermore, the PBIAS for gauge Traipú, being less than 5%, can be seen as a very good result. As can be seen in Figure 5 for Itaparica reservoir, the discharge downstream of the dam, where gauge Traipú is located, shows almost no annual cycle while a few short-term peak flows are observed. In the case these peak flows are not simulated or are simulated with some deviation in the occurrence, the NSE will rapidly deteriorate.
Discussing the quality of the simulation, one has to keep in mind that a global climate data set with a resolution of 0.5 × 0.5 is used. Some local events, e.g., extreme precipi- Overall, the data availability for the São Francisco river basin is good. However, for the model set-up, the calibration and validation of a number of global data sets were used, because consistent data from Brazilian sources were not available (e.g., climate, land-use). The eco-hydrological model SWIM, developed for (central) European conditions, was modified to fit South American conditions. A number of problems during the calibration and validation of the model could be solved, while some problems, e.g., the reliability of naturalized discharges, remain. Despite the uncertainties in the naturalization procedure, the naturalized discharges are assumed to be much closer to natural flow conditions than the observed, managed discharges, and can be applied to for the calibration and validation of the model.
